Sap flow measurements on single branches of 8 peach trees (cv. 'Suncrest') were performed for 3 consecutive years after planting to estimate water requirements during the growing season and to evaluate the effect of water stress on growth and productivity of a young peach orchard. Starting from the end of May of each year, irrigation was witheld on half of the trees. Heat balance sap flow sensors (Dynamax Inc., Texas, USA) were applied on a single branch, well exposed to sunlight, of each tree for 4-5 periods of 7-20 days each from May to October. Data on total leaf area per tree and leaf and xylem water potential were also collected during the same periods. At the end of the growing season, total leaf area for each tree was assessed. Data on sap flow showed different water requirements, expressed on a m 2 leaf area basis, in different years according to canopy size; in 1996 water consumption appeared to be higher than in the consecutive years. Water consumption per tree was affected by total leaf area and water availability in the soil. Because the type of soil and very large root expansion, the first symptoms of water stress were not recorded until 20-30 days after suspension of irrigation. Water consumption of stressed trees ranged between 80 to 20% of that of irrigated trees depending on vapour pressure deficit and pre-dawn leaf water potential. Data on sap flow during recovery from the stress are also shown for 1997 and 1998.
Introduction
The goal of optimizing water management (to regulate water use and to ensure environmental and resource conservation), and also achieving qualitative and quantitative improvement in production presupposes the possibility of making a highly precise estimation of orchard water consumption. A number of direct and indirect methods are available to estimate water consumption in different woody species. Among indirect methods, those most widely used to estimate evapotranspiration in herbaceous crops are difficult to apply in orchards, mainly on account of the disordered flows generated above and below the canopy. Some of the direct methods (lysimeters, porometers, whole plant gas exchange) allow accurate measurements but disturb the tree's normal growing condition and require highly complex sophisticated equipment. In addition, the data thereby gathered cannot easily be extrapolated to the entire orchard. Thermo-electric methods, based on the use of heat to estimate xylem flow, allows determination of water consumption on individual trees or branch in natural conditions without interfering with metabolic and physiological activity (Valancogne and Nasr, 1989; Smith and Allen, 1996) .
The purpose of this study was to estimate water consumption in a young peach orchard by means of heat balance sensors applied to individual branches in order to determine xylem sap flow. Transpiration values were then compared with some physiological indicators of tree water status.
2. Materials and Methods
Trials were carried out on a peach orchard (cv. 'Suncrest') trained to open center and planted in February 1995 at a spacing of 5 x 5 m, at the experimental farm of Colignola (Pisa, Italy) belonging to the Dipartimento di Coltivazione e Difesa delle Specie Legnose. The orchard, set up in the framework of the MiPA Targeted Project "Liste di Orientamento Varietale", Sub-project "Valutazione dei portinnesti" (Loreti and Massai, 1995) , is situated on clayey medium loam soil and equipped with a drip irrigation system (two 4 1 h -1 drippers per tree placed at one meter from the trunk). The measurements, which used trees grafted onto 2 different rootstocks, GF 677 and Rubira, were carried out during three growth seasons (1996) (1997) (1998) ) during the period from June to September, and 4 received no irrigation starting from the beginning of June up to the end of the growing season. Weekly determinations of xylem sap flow were performed at intervals of roughly 20 days using a "heat balance" system (Steinberg et al., 1989; Cohen et al., 1993) composed of 10 SGA sensors (Dynamax Inc., Houston, Texas) applied to an 8-15 mm Ø branch well exposed to sunlight. The sensors were connected to a Campbell CR7 datalogger (Campbell Scientific Ind., Logan, Utah). Readings were taken every 15 seconds and processed by means of Dynamax DGSF 5.0 software to furnish cumulative values every 30 minutes. In each measurement period, leaf area was determined for each of the branches to which a sensor was applied, by measuring all shoots present on the given branch.
At 15-20 day intervals throughout the growing period, pre-dawn leaf water potential was measured using a Scholander-type pressure chamber (Scholander et al., 1965) equipped with a lid having three holes. This allowed three measurements to be performed simultaneously at a pressurization of 0.2 MPa every 30 seconds.
At the end of the growth period, total leaf area was calculated for each trial tree by measuring total shoot length. Climatic data were acquired from an automatic meteorological station (E.T.G., Florence, I) placed in the close vicinity of the trial orchard.
Results and Discussions
During the three trial years, water consumption was measured on irrigated and nonirrigated trees growing in the open field. Values obtained were compared to pre-dawn leaf water potential (PDΨ w , MPa) and evaluated in relation to the climatic trend ( Figures 1, 2  and 3 ). During 1996, a year which was characterized by elevated rainfall even during the spring-summer period (120 mm of rain in May-June, 90 mm at the end of July), mean water consumption was found to be greater than in the following years. In addition, on account of this climatic trend, appreciable differences in water consumption between stressed and irrigated trees were detected only during the period from late June up to mid July. The subsequent rainfall which occurred from 19 to 23 July virtually neutralized differences between the two treatments. No further determinations could be performed in 1996 due to the persistence of adverse weather conditions. In the two subsequent years significant differences between the two treatments were observed roughly 25-30 days after suspension of irrigation. Thus at the end of June 1997 differences in water consumption between the two treatments were detected only in elevated mean VPD conditions (1.7 kPa on 26/6/97, D.O.Y. 177), while by the end of July differences were found in conditions of lower environmental evaporative demand as well (1 kPa). In 1998 severe drought conditions resulted in significant differences between the two treatments as early as the end of June, even when VPD values were not elevated (1.1 kPa). Resumption of irrigation (20/9/97 and 1/9/98) reduced differences in water consumption between the two treatments, but differences remained noticeable even after several days of irrigation.
Comparative analysis of data gathered during the three trial years (Figures 1, 2 and 3) shows that both in the irrigated and non-irrigated trees water consumption was markedly during the final two years of the trial, as a function of environmental evaporative demand and the level of water stress reached by the trees. In severely stressed conditions, water consumption values in the non-irrigated trees were reduced by about 50-70% as compared to controls.
Pre-dawn leaf water potential values highlighted the different stress levels reached by the non-irrigated trees during the three trial years. Thus in 1996 severe water stress was never reached, with values of PDΨ w consistently above -0.5 MPa in the non-irrigated treatment, close to values recorded in the controls. On the other hand, in 1997 and 1998, values in irrigated trees never dropped below -0.5 MPa, while PDΨ w of stressed trees reached -1.0 MPa in 1997, and -1.2 MPa in 1998. Of particular interest was the finding that no more than a few days after resumption of irrigation, PDΨ w showed values of roughly -0.5 MPa in both treatments, whereas water consumption values, recorded simultaneously with PDΨ w , continued to show appreciable differences between the irrigated and non-irrigated treatment.
Analysis of xylem flow values recorded during the three trial years allowed determination of water consumption for each individual tree. These data, together with daily potential evapotranspiration, estimated by class "A" pan evaporation, were utilized to calculate the crop coefficient (Kc = ETA/ETP). Table 1 shows that water consumption per unit doubled between 1996 and 1997, and increased by roughly 65% between 1997 and 1998. The rootstock effect, which influenced vigour and therefore leaf area, resulted in differences in quantity of water transpired: trees grafted onto GF 677 presented unit water consumption values that were almost always twice as high as in trees grafted onto peach seedling (Rubira). Throughout the three trial seasons, the quantity of water supplied daily by drip irrigation (25 liters of water a day) to trees grafted onto Rubira was found to be more than sufficient in relation to the water consumption values observed.
In contrast, in trees grafted onto GF 677, the quantity of irrigation water delivered was lower in 1997 and 1998 than the actual consumption values recorded, suggesting that even control trees grafted onto GF 677 may have experienced slight water stress. Some evidence for this hypothesis is obtained from analysis of pre-dawn leaf water potential values in September 1998. Thus, PDΨ w values in the control trees grafted onto GF 677 rose from -0.55 MPa to -0.4 MPa between 5/9/98 and 7/9/98, following abundant rainfall that restored elevated water levels throughout the volume of soil explored by the roots.
Calculated crop coefficients were low as compared to values reported in the FAO tables and the literature (Xiloyannis, 1992) . Only by hypothesizing the same water consumption values per tree, but with planting density per hectare twice as high (800 t/ha), would 1998 crop coefficients of trees grafted onto GF 677 appear similar to those calculated for mature orchards. It therefore becomes clear that application to young orchards of the Kc's calculated for mature orchards is likely to lead to elevated waste of water resources. However, it should be noted that water consumption may be overestimated by the heat balance method, because values are measured on an individual branch rather than on the whole tree.
Water consumption values per leaf area unit were significantly different among the three trial years. Thus, mean consumption was higher in the first than the subsequent two years (2000 g m in the month of July of subsequent years; Figure 1, 2 and 3 ). These differences proved to be independent of climatic conditions. Comparison of cumulated xylem flow values with the mean daily vapour pressure deficit (Figure 4) shows considerable variation in water consumption over the three trial years, both in control and non-irrigated trees. Thus, trees receiving normal irrigation showed 50% greater cumulated water flows in 1996 than in the subsequent two years, under equal VPD. In addition, also under equal daily global radiation, water consumption was found to be twice as high in the first than in the two subsequent years. Consequently, since these differences in water consumption did not depend on evaporative demand, they could be attributed to greater soil water availability in 1996 (substantial rainfall) and greater quantity of light striking the canopy in two-yearold trees than was the case in the subsequent growth seasons. In this context, it is worth pointing out that in 1996 the trees had a far lower canopy volume (1.3 m 3 ) compared to the two following years (3.9 m 3 and 7.8 m 3 ); as a result, a greater percentage of leaves were exposed to sunlight, while shading within the canopy occurred to a considerably lesser extent.
Analysis of unit water consumption suggests that the rootstock effect played a major role in influencing water consumption, due to the varying extent of vigour induced. In both treatments, GF 677 induced more elevated transpiration than that recorded in trees grafted onto peach seedling: on average, water requirements per tree and per hectare were 2-3-fold higher for GF 677 than for Rubira grafts. However, all values were fairly low in relation to soil unit area, on account of the low planting density utilized (400 trees/ha) and the young age of the orchard. Thus, in 1998, LAI values of irrigated trees grafted onto GF 677 and Rubira were 1.22 and 0.58 respectively. The two rootstocks also influenced the divergence in water consumption between trees subjected to the two different treatments. Thus, in 1996 the same values were recorded in both treatments, while in 1997 and above all 1998 differences approaching 500 g m ). Any further decrease in the potential, in presence of severe water stress, did not result in drastic reduction of cumulated daily transpiration. However, a slight decrease in xylem flow attributable to a decrease in PDΨ w does not necessarily imply the onset of a state of stress within the tree: thus in 1997, despite slight water stress, no significant differences in growth were recorded, in contrast to 1998, where severe water stress did lead to significant growth differences.
In conclusion, the induction of slight stress (-0.4 / -0.5 MPa) makes it possible to limit tree water requirements without negative effects on vegetative growth or production load (Chalmers et al., 1981; Mitchell et al., 1984; Behboudian and Mills, 1997; Massai and Gucci, 1997) .
Conclusions
Water consumption per tree and per hectare was found to be strongly influenced by the rootstock, age of the orchard, climatic trend and soil water availability. Differences between irrigated and non-irrigated trees detected by the various indicators of tree water status were manifested roughly 20 days after suspension of irrigation, while reduction of sap flow in the non-irrigated treatment was observed after as little as 8-10 days. The calculated crop coefficients are low in comparison to those reported in the FAO tables and the literature; consequently, the latter cannot be adopted for young peach orchards without the risk of causing severe water wastage and soil leaching phenomena.
Finally, in soils with elevated soil water retention capacity and/or with rootstocks characterized by an extensive and deep-reaching root apparatus, the technique of Regulated Deficit Irrigation cannot easily be applied on account of the prolonged period of time required for onset of water stress. However, a sub-optimal level of irrigation on such soils may allow a substantial reduction in transpiratory rhythm, and consequently also in tree water requirements, without any negative effect on vegetative growth and production. 
